We present experimental and theoretical results on monolayer colloidal cadmium selenide quantum dot films embedded with tiny gold nanoparticles. By varying the density of the embedded gold nanoparticles, we were able to engineer a plasmon-mediated crossover from emission quenching to enhancement regime at interparticle distances for which only quenching of emission is expected. This crossover and a nonmonotonic variation of photoluminescence intensity and decay rate, in experiments, is explained in terms of a model for plasmonmediated collective emission of quantum emitters which points to the emergence of a new regime in plasmonexciton interactions. The presented methodology to achieve enhancement in optical quantum efficiency for optimal doping of gold nanoparticles in such ultrathin high-density quantum dot films can be beneficial for new-generation displays and photodetectors.
I. INTRODUCTION
Semiconducting quantum dot (SQD) films or layers are being actively studied as novel materials in various applications ranging from efficient displays and photodetectors to photovoltaics [1] [2] [3] [4] [5] . Colloidal quantum dots (CQDs) are specially attractive in this context since they can be prepared over a wide spectral range in highly monodisperse form and can also be easily assembled in to compact mono/multilayered films of arbitrary density using simple methods [6] [7] [8] . While the optical [9] [10] [11] and electro-optical properties [12] [13] [14] [15] of these materials have been well studied, the necessity to push the limits of their quantum efficiencies (QE) for various applications has intensified research in this direction [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Some theoretical studies [27] [28] [29] [30] in the recent past have suggested the possibility of obtaining the strong coupling and collective emission (CE) from an ensemble of quantum emitters like CQDs, mediated by plasmons. Although this methodology offers a powerful scheme to enhance QE in CQD films, there have been no clear demonstrations of the existence of such effects in experiments. In this report, we use a combination of detailed experiments and an appropriate theoretical formalism to demonstrate how surface plasmons of tiny gold nanoparticles (AuNP) can mediate collective emission in compact CQD monolayers. We also demonstrate a nonmonotonic variation of photoluminescence (PL) intensity and decay rate of the CQD films with increasing density of AuNPs ( Au ) and show, theoretically, how this corresponds to a novel crossover phenomenon arising from competition between plasmon-mediated collective emission, dominating at low Au and predominantly AuNP-CQD near-field energy transfer (ET)-mediated emission at higher Au . The results are significant for several reasons. First, enhanced QE efficiency can be obtained in compact CQD films without disturbing the arrangement of quantum dots (QDs), which makes such a methodology useful for various applications as it is. Furthermore, we have identified an optimum range of φ Au where * basu@physics.iisc.ernet.in enhanced QE can be achieved. Second, from a fundamental physics point of view, the fact that collective emission emerges with plasmons at a plasmon-exciton separation where quenching is expected points to the emergence of a new regime in plasmon-exciton interactions. Finally, the fact that such collective emission arises with the incorporation of both multiple emitters and multiple NPs is quite significant.
II. EXPERIMENTAL METHODS
The experimental results presented here are based on CQD films consisting of octadecanethiol (ODT) capped cadmium selenide (CdSe) QDs of diameter (2b) 3 nm (S series) and 5.2 nm (L series) prepared by the widely used Langmuir-Blodgett (LB) method described earlier [23] [24] [25] . Dodecanethiol (DDT) capped AuNPs of diameter (2a) 3.5 nm were used as the plasmonic material in the CQD films at various values of Au . Further details of sample preparation are available in [31] and elsewhere [23] [24] [25] . For each type of CQDs, compact monolayers at two different densities were prepared on glass slides as shown in Table I . PL measurements were performed in confocal mode using a WiTec Alpha SNOM setup with 488-nm argon (Ar) laser excitation as described earlier [23] [24] [25] . Time-resolved PL (TRPL) measurements were performed using a time-correlated single-photon counting system from Horiba Scientific (Fluoro cube-01-NL). All measurements were carried over under room temperature. Figure 1 shows the morphology of the transferred CQD films using a transmission electron microscope (TEM, Technai T20). The TEM images show the presence of a fairly homogeneous CQD layer with randomly dispersed AuNPs.
III. RESULTS AND DISCUSSION
To quantify the TEM images further, we extracted the radial distribution function (RDF) to characterize the extent of ordering and to determine the average interparticle separation between QDs, δ QD , and between QDs and AuNPs, δ QD−AuNP . A few typical RDFs, which provide estimates of δ QD−AuNP and δ QD , are shown in Fig. 2 . It is clear, especially from 
a S i ,L i corresponds to S series and L series. H and L correspond to high and low densities, respectively. N CdSe and N Au correspond to the number of CdSe and AuNPs, respectively, as determined from TEM images and stoichiometry. b h is the average surface-surface distance between AuNPs and QDs. c Surface density of QDs in the hybrid films measured from TEM images and also estimated from LB isotherms. The notation (...) implies TEM data is not available for these samples.
Figs. 2(d)-2(e)
, that incorporation of AuNPs does not change the average δ QD significantly, validating the statement that the light AuNP doping in CQD films did not change the average QD density. Further, using the known values of the capping ligand length of octadecanethiol and dodecanethiol (ODT and DDT), we can estimate the average surface-to-surface separation h between QDs and that between QDs and AuNPs to be 4.7 and 1.4 nm, respectively (also see Table I ). The values of δ can also be independently estimated using the respective TEM images. The clear changes in the QD packing in going from the SL and LL series samples as compared to the SH and LH series samples can be clearly seen from the shift in the first maxima of the respective RDFs. Next we turn our attention to the PL emission from these CQD films. Figure 3 shows a series of PL spectra typical of the various samples indicated in Table I . While the PL spectra for S 4 or L 4 samples show quenching or no enhancement of intensity compared to the pristine CQD monolayer data at similar areal densities, large enhancements are clearly seen for the S 1 , S 2 or L 1 , L 2 samples containing lower Au . At separation h ∼ 2 nm, it is expected that the AuNPs would quench the PL from QDs, as seen by several others earlier [22, 23, [32] [33] [34] for isolated QD-AuNP as well as for the high Au case, here. In fact, there seems to be a nonmonotonic trend in PL intensity with increasing Au . This can be seen more clearly in Fig. 4 , where the experimental result for the PL enhancement factor F Int =(I hyb /I QD ) is also summarized, where I hyb is the PL intensity of CQD films doped with AuNP and I QD is the PL intensity of bare CQD film. Very similar trends are observed from independent estimates of PL enhancements,
QD , obtained using TRPL measurements, as shown in Fig. 4(b) . Here, R hyb and R QD are the radiative decay rates of the hybrid and bare QD films, respectively. Further details about the methodology of estimation of F LT has been provided in [31] . The slightly reduced values of F LT , estimated from changes in PL decay rates, in each case, as compared to those obtained from PL intensity measurements is interesting and could be related to the difference in excitation intensity, used for the respective measurements [31] . Several other trends in PL intensity variation can be readily noted in Fig. 4 . Reduction in the CQD density in the monolayers (LL and SL series) leads to reduction in the F Int , especially for the off-resonant samples (LL series). This indicates that the observed enhancement depends on AuNP-QD surfaceto-surface separation h. In addition, the enhancement effect seems to be independent of the extent of spectral overlap between the AuNP absorbance and PL of the CQDs (see Fig. S2 in the Supplemental Material [31] ) and hence the effect is spectrally broadband, at least to the extent that it has been probed here in experiments. Separate measurements (not reported here) seem to suggest that the PL enhancement is weakly dependent on the intrinsic quantum yield (Q) of the CQDs. What is clear from either PL intensity or lifetime measurements is that there seems to be a crossover from a PL enhancement to a quenching regime with increasing doping of the CQD monolayers with AuNPs. The PL enhancement F Int (F LT ) seems to be maximized for all cases at Au ∼ 0.15 and decreases with either increasing or decreasing Au . We now set about trying to model the essence of the observed nonintuitive trends of PL intensity and decay rate variation through numerical simulations of the self-energies and collective modes of emission possible. We use a nominal model which contains the essential details of the experimental configuration of a compact CQD monolayer with AuNPs randomly dispersed to obtain a qualitative model to explain the underlying physics of the observed PL enhancement. The diameter of the AuNPs was considered to be 3.5 nm, while that of the QDs was assumed to be 3 nm, similar to the S-series samples in experiments. The interstitial gap h between the AuNP and the QD was assumed to be 1.25 nm. The model was designed to represent the experimental configuration to the extent that it represents the primary exciton-exciton, exciton-plasmon, and plasmon-plasmon interactions likely to be present in the experimental system. Further details about the methodology and the model calculations can be found in [31] .
As mentioned before, the extent of PL enhancement seems to depend on the excitation power. This suggests that a sufficient number of QDs have to be excited simultaneously for these large enhancements to manifest. Figure 5(a) shows the distance-dependent decay rates of a single photon emitter (QD in our case) near a AuNP of diameter 3.5 nm. It is obvious that the large enhancements in PL power ( R ) observed in experiments are not explained by independent interactions of a QD with a metal nanoparticle distance, δ QD−AuNP . As shown later, such enhancements of radiative decay rates can emerge from a consideration of collective excitations of the QDs in the monolayer. The collective eigenstates of the excited QDs emerge due to exchange of virtual photons among them, both directly and through the intermediary virtual excitations (plasmons) of the metal particle. These virtual interactions are represented by a set of quantum harmonic oscillators coupled by green tensors in the medium with the metal nanoparticles. This perturbation of the metal particles (and other QDs) to the self-energy of a QD has both radiative and nonradiative components to be evaluated. The evaluation of the collective modes of emission for a set of dipole emitters around a single spherical particle under the long-wavelength approximation was described earlier [27] . This was extended recently to arbitrary heterogeneous mixtures, even on the order of wavelength dimensions, using computational methods [30] . We note that the accuracy of the evaluated collective characteristics can be significantly degraded by a long-wavelength approximation, even in seemingly reasonable cases. The evaluations are averaged over ensembles represented by many random variations in the location and polarization of the interacting dipole emitters, implicitly representing the density of states for collective emission from a structure whose nominal geometrical parameters is known. Each of the collective eigenstates J of a sampled geometry is represented by energy shifts J and radiative and nonradiative decay rates give us the characteristics of the independent emission in the heterogeneous mixture and can be used to deflate the collective effects. The effect of thermal fluctuations and the evaluation of the probabilities of survival of a particular collective mode are described elsewhere. In Fig. 5(b) we show the predicted enhancements in the decay rates for both the case of independent emission and the case of collective emission possible in the QD monolayers and that there is a crossover between the two regimes with Au , in a remarkably similar manner to the experimental observations. At high Au (>0.5) emission seems to be dominated by ET, and it would be difficult to distinguish between independent emission (IE) and collective emission (CE). Most of the experimental reports usually occur in this regime of large φ Au . However, the interesting regime lies at Au < 0.5. In Fig. 5(c) , we also show the QE calculated from TRPL measurements for some of our samples. For most of the samples, the QE enhancement trend is similar to F LT or F Int and is quite different from the quenching expected for the IE+ET model. Thus it is clear that the large PL enhancements observed in our experiments, especially for Au 0.5, are due to dominance of CE in the system and cannot be explained only by IE+ET models. It might be noted here that the crossover from quenching to the enhancement regime in the compact CQD monolayers takes place just by changing Au without significant change in δ QD−AuNP or δ QD . Our work thus represents a clear experimental demonstration of the existence of CE in emitters mediated by plasmons. Furthermore, while several recent theoretical models predict the onset of CE for either relatively larger separation between the emitters and metal nanoparticles [28, 30] or for separations similar to our configuration [29] but for very large emitter-to-nanoparticle ratios, our model captures the experimental results with separations in a regime where quenching is expected for IE models and with fairly small emitter-to-nanoparticle ratios. Moreover, none of the reported theoretical models have treated both multiple emitters and multiple metal nanoparticles, with the exception of our recent report [30] . Although the calculations have been performed for a particular size of QD and AuNP, we believe that the effect exists over a broader range of sizes. In fact the collective emission effect seems to exist in a band of sizes for AuNPs, i.e., it diminishes above and below a certain critical diameter of the particles. Exact quantitative matching with experimental data would involve consideration of the actual detailed experimental parameters, which is outside the scope of this work. In addition, our close calculations also indicate that the emergence of CE depends sensitively on the excited rate and is distinguishable at low excited rates, as evidenced from Fig. 4(b) . This aspect will be dealt with, in a separate work.
IV. CONCLUSION
In conclusion, we presented experimental and theoretical results on the photoluminescence of CdSe quantum dot films embedded with tiny gold nanoparticles and demonstrated an emergence of a plasmon-mediated collective-emissiondominated regime of QDs. The CE regime was engineered only through variation of the density of AuNPs in the compact CQD films, without changing the QD density. The CE observed in the CQD films seems to be spectrally broadband, although its magnitude is larger in the case where the QD emission spectral overlap is minimized with respect to the surface plasmon resonance of the embedded AuNPs. Furthermore, we discuss the regimes where this phenomenon is likely to be most effective. Our results suggest methods to achieve enhancement in optical quantum efficiency in such quantum dot films, with potential significance for new-generation displays and photodetectors.
